Norwalk virus, an important cause of epidemic, acute, nonbacterial gastroenteritis in adults and children, has eluded adaptation to tissue culture, the development of an animal model, and molecular cloning. In this study, a portion of the Norwalk viral genome encoding an immunoreactive region was cloned from very small quantities of infected stool using sequence-independent single primer amplification. 
Introduction
Norwalk and Norwalk-like viruses comprise a group ofserologically diverse, small round-structured viruses implicated in common source outbreaks of gastroenteritis (1, 2) . It is esti-mated that up to 65% of acute, nonbacterial gastroenteritis in the United States is attributable to these agents (3) . Norwalk virus, named after a 1968 outbreak ofgastroenteritis at a school in Norwalk, Ohio, (4) was the first of this heterogeneous group of viruses to be identified by immune electron microscopy (IEM)1 (5) . It alone appears to cause at least one-third of all cases ofgastroenteritis in U.S. epidemics (6) . While this illness typically lasts only 1-2 days, its impact on days lost from work or school may be substantial (7) .
The study of these viruses has been restricted by the inability to cultivate these agents in vitro and lack of an animal model. Much of what is known about the immune response to this virus has come from human volunteer studies (8) (9) (10) or epidemiologic surveys (6) . Positive identification of these viruses relies on IEM, a technique not well-suited to large-scale screening. Seroconversion and detection of viral antigens in fecal specimens are also used to establish the association of these viruses with episodes of acute gastroenteritis (11, 12) . Unequivocal diagnosis, however, requires the use ofpaired human sera (pre-and postinfection). The molecular characterization ofthis agent has likewise been difficult, because the virus is shed in very small amounts in stool.
We report the cloning of an immunoreactive region of the Norwalk virus from infected fecal material. Sequence-independent single primer amplification (SISPA) (13; Reyes, G. R., and J. P. Kim, manuscript submitted for publication), a recently described and generally applicable technique of nonselective cDNA amplification, was used to overcome the restrictions imposed by the very limited amount of volunteer clinical material containing viral particles and the lack of existing nucleotide sequence information. The specificity of these clones for Norwalk virus was shown by (a) the immunoreactivity of the expressed peptide for only postinfection sera from several volunteers; (b) the hybridization ofa clone-specific probe exclusively to RNA extracted from Norwalk antigen-positive volunteer stools; and (c) the convergence of the clone-specific probe hybridization peak and the Norwalk viral antigen peak in a cesium chloride gradient fraction ofbuoyant density 1.37 g/ml.
Methods Virus and antisera. LTI-8, the eighth diarrheal stool specimen collected from volunteer LT (14) after oral inoculation with infectious 1. Abbreviations used in this paper: IEM, immune electron microscopy; PCR, polymerase chain reaction; SISPA, sequence-independent single primer amplification.
fecal filtrate 8FIIa (8) , was used to construct a cDNA library (see below). Occasional Norwalk virus particles were demonstrated by IEM in this specimen and in LT 1-3, the third postinfection stool from the same volunteer. Particle counts were estimated between 10' and 106 viral particles per g of feces. LTO, the preinfection stool from this volunteer, was IEM negative.
Serial stool samples from other volunteers (I-V) inoculated with 8FIla were used for dot blot hybridization (see below). In each case, viral antigen was not detected by RIA (I1) and/or ELISA (12) in preinfection specimens, but was present in one or more postinfection specimens from symptomatic volunteers. Viral particles were detected by IEM only in pooled specimens from volunteer IV.
Seven pairs of volunteer sera demonstrated a significant rise in titer between the pre-and the postinfection specimens by ELISA. A pair of sera that showed no change in titer (1:100) between pre-and postinfection samples was used as the negative control.
Virus purification and nucleic acid extraction. 7.5 g of specimen LTl-8 was partially purified using fluorocarbon extraction and pelleting through a sucrose suspension onto a cesium chloride cushion, as described previously (15) . Viral antigen was monitored at each step by ELISA. LTO control stool and LTI-3 were processed in tandem with LTi-8.
Serial stool samples from volunteers I-V, including uninfected controls, were partially purified by a modified procedure. 500 Ml of a 10% fecal suspension (in PBS) was combined with 125 1l of40% polyethylene glycol (PEG, mol wt 8,000) and precipitated overnight at 40C. The suspension was pelleted at 10,000 g for 20 min.
Nucleic acid was extracted from half of the partially purified stool by a one-step guanidinium/phenol extraction procedure (16) . Aliquots of nucleic acid were tested for sensitivity to treatment with DNase-free, RNaseA or RNase-free, DNaseI. The remainder of the partially purified stool was layered onto a 1.2-1.6 g/ml discontinuous cesium chloride gradient (15) . The density and Norwalk antigenic activity (by ELISA; 12) of each gradient fraction was determined.
cDNA cloning and analysis. -I0,g of nucleic acid obtained from 1.5 g of original fecal material was reverse transcribed into cDNA ( 17) , using an oligo (dT) primer. Double-stranded linker-primeroligonucleotides were directionally ligated onto the cDNA amplified by SISPA (13; Reyes, G. R., and J. P. Kim, submitted for publication) and then digested with EcoRI. Excess linkers were removed by passage through Sephacryl 300, before inserting the amplified cDNA into bacteriophage Xgtl 1. Libraries were screened immunologically (18) with postinfection serum from volunteer DD (Norwalk ELISA titer > 1:25,600). The serum was preadsorbed with Xgtl 1 and used at a 1:200 dilution for immunoscreening. After three immunoscreenings, a purified plaque for each clone was obtained and the specificity assessed using DD preinfection sera (ELISA titer = 1:100). cDNA from clones of interest was tested by Southern blot (19) or dot blot hybridization for similarity to human lymphocyte and Escherichia coli strain 1088 DNA and to other enteric viruses investigated in our laboratories (NCDV rotavirus and astrovirus type 1). Direct sequence comparisons with the hepatitis E genome (Tam, A. W., et al., manuscript submitted for publication) were also made.
Subcloning and sequencing. cDNA was subcloned into Bluescript SK+ (Stratagene Inc., La Jolla, CA) for sequencing (20) . 7-deaza-dGTP was used in confirmatory sequencing reactions. Nucleic and amino acid sequences were compared with the Genbank1> database. Dot blot hybridization. Nucleic acid was prepared for dot blot as recommended by the manufacturer of the apparatus (Schleicher and Schuell, Keene, NH). Hybridization was carried out in 50% formamide and lx hybridization buffer (5X Denhardt's reagent, 5x SSC, 50 mM NaH2PO4, 1 mM sodium pyrophosphate/Na2HPO4, 100 jg/ml salmon sperm DNA, 100 Mg/ml ATP). Filters were subsequently washed in 2x SSC at room temperature, then 0. lx SSC and 0.1% SDS at 65°C for I h.
Radiolabeled probes. Probes were made using direct polymerase chain reaction (PCR) (21) and primers of known Xgtl 1 sequence (5' GGCAGACATGGCCTGCCCGG 3' and 5' TCGACGGTTTCCA-TATGGOG 33. The typical PCR cycle (denaturation, 940C, 30 s; annealing, 500C, I min; extension, 720C, 2 min) was repeated for 30 cycles. The Norwalk-specific amplified fragment was separated from Xgtl 1 sequences by EcoRI digestion, purified by preparative 1.5% agarose gel electrophoresis, and radiolabeled by random priming.
An N49-specific fragment was amplified by PCR, using oligonucleotide primers shown in Fig. 1 A and modified PCR conditions (each segment 30 s). Radiolabeled, random-primed probes were synthesized.
Single-stranded oligonucleotide probes were made by 3'-end-labeling N49-specific, synthetic, oligonucleotide primers with 'y-[32P]ATP.
Hybridization was carried out in 30% formamide and I x hybridization buffer at 420C. Filters were washed in 2x SSC at room temperature for 30 min.
Results
Our cloning strategy was dictated by the small amount ofNorwalk-infected, IEM-positive, fecal specimen available. The original stool contained I05-IO6 virion particles per g as estimated by IEM and 1.5 g of original fecal material was used in cDNA synthesis. cDNA was synthesized from partially purified virion and the heterogeneous population nonselectively amplified by SISPA (13; Reyes, G. R., and J. P. Kim, manuscript submitted for publication). The cDNA library was constructed in bacteriophage Xgtl 1 for clone identification.
The first three rounds of immunoscreening were accomplished using DD postinfection serum. In the first screening, 41 reactive plaques were identified from a total of 1.2 x 105 recombinant phage. After two more rounds ofimmunoscreening and plaque purification, a final screening yielded six clones (N28, N35, N40, N48, N49, and N5 1) that were chosen by virtue of their specific reactivity with DD postinfection, but not DD preinfection serum.
The initial characterization of these clones demonstrated the absence of hybridization to Two approaches established these immunoreactive clones as derived from only Norwalk-infected but not preinfection fecal specimens. First, we demonstrated that probes from all clones hybridized only to the SISPA-expanded cDNA population from LT1-8 and not to a similarly prepared LTO preinfection cDNA specimen (data not shown). In a second test, a [32P]-labeled random-primed probe derived from clone N49 hybridized only to RNA extracted from two Norwalk IEMpositive postinfection specimens, LT1-8 and LT1-3. This probe did not hybridize with nucleic acid extracted from negative controls, LTO or NCDV rotavirus (data not shown).
The relationship of the six immunoreactive clones to one another was next examined by hybridization and sequence analysis. The clones ranged in size from 172 bp (N40) to 380 bp (N35) (Fig. 1 A) .208
ATT ATA GAA TCA GAT GGT GCC AGT GTA CAA ATC AAA GAA GAC AAG CAA GCT TTG 379
poly (A) tail was present in these clones derived from the oligo (dT)-primed library. These sequences were unique at both the nucleic and amino acid levels when compared to the Genbank( database. Two ofthese clones, N49 and N5 1, had iden- port that these clones expressed an immunogenic epitope of Norwalk virus. As shown in Table I , the expressed product from clone N49 reacted with six of the seven high titer, postinfection sera. Only preinfection serum AT, which had high preexisting levels of reactivity to Norwalk antigen by ELISA, also reacted with the N49 clone product. No~other preinfection sera or the negative control paired sera (EM) reacted with the N49 clone product.
As a second proof that clone N49 represented a portion of the Norwalk virus genome, RNA was extracted from preinfection and serial postinfection stools from five additional volunteers who became ill after receiving 8FIIa. As shown in Fig. 2 , the N49 probe hybridized to nucleic acid from test specimens [1] [2] [3] [4] and -5, III-4, -5, -6, and -7, and IV-8 and -9. These represented the third through eighth stools collected from three symptomatic volunteers. In each case, N49 hybridization identified a peak ofviral shedding in these serial postinfection stools that contained viral antigen. Hybridization of this probe could not be demonstrated in the specimens of volunteers II and V who had only one antigen-positive stool specimen each. No hybridization could be demonstrated with nucleic acid isolated from preinfection stools.
Furthermore, the clone N49-specific probe hybridized most prominently to sample LT1-8 cesium chloride density gradient fractions 7 through 10 ( Fig. 3 ). Peak hybridization signal and peak Norwalk antigen signal by ELISA were both found in fraction 8. Buoyant density of this fraction was 1.37 g/ml. Simultaneously prepared LTO cesium chloride gradient fractions showed neither hybridization with the N49-specific probe nor Norwalk antigenic activity. <1:100 * The Norwalk ELISA was performed as described previously (12) .
tAssay performed by mixing plaque purified N49 with nonrecombinant lambda gt I I (internal negative control) and plating at a 1:1 ratio. Reactive plaques were detected after first antibody incubation ("serum") using an alkaline phosphatase-conjugated anti-IgG second antibody. The absence (-) or presence (+) ofimmunoreactivity was determined by two independent readers. Selected reactive plaques were confirmed to contain the N49-specific insert by PCR (21). Figure 3 . Correlation of Norwalk antigenic activity with N49-specific, radiolabeled probe hybridization in cesium chloride gradient fractions ofbuoyant density 1.31-1.40 g/ml. Peak antigenic activity and peak hybridization signal were detected in fraction 8, buoyant density 1.37 g/ml.
Norwalk Virus-specific cDNA 1459
Finally, we examined the nature of the extracted nucleic acid from which the cDNA was synthesized. As shown in Fig. 4 A, RNaseA treatment ofLT1-8 and LT1-3 nucleic acid extracts eliminated hybridization with the N49 probe, while DNaseI treatment had no effect. Only single-stranded probes of negative polarity (as defined by open reading frame analysis) hybridized to LT1-8 nucleic acid (Fig. 4 B) .
Discussion
We conclude that we have cloned an immunoreactive portion of the Norwalk virus genome. The isolated clones were derived from nucleic acid extracted from partially purified fecal material that contained a very small number ofintact viral particles. The SISPA technique (13; Reyes, G. R., and J. P. Kim, manuscript submitted for publication) was used to successfully amplify the LT1-8 cDNA, before the identification of a set of overlapping immunoreactive clones specific to postinfection sera specimens. SISPA coupled to conventional cloning and immunoscreening techniques appears to be a generally applicable strategy for identifying cDNA clones of fastidious infectious pathogens derived from limited amounts of starting material.
The expressed recombinant protein of representative clone N49 was recognized specifically by a panel of high titer postinfection sera from several volunteers, but not by antibody-nega- tive preinfection sera or by paired sera without antibody to Norwalk virus (Table I ). The lack ofreactivity ofthe N49 product with CS postinfection serum (ELISA titer = 1:6,400) is possibly due to antibodies in the CS specimen being directed to other Norwalk virus epitope(s). The N49-specific cDNA probe specifically hybridized to nucleic acid from only the postinfection stools of three different volunteers (Fig. 2) . The positive hybridization signals correlated well with the period ofsymptomatic illness and antigen detection in the stool by RIA (11) and/or ELISA (12) . This cDNA-derived probe was more sensitive than IEM for detecting small quantities of virus in stool. Generally, the limit of detection by IEM in feces is in the range of 105-106 particles per ml (5). RIA and/or ELISA, however, may be able to detect viral antigens in the stool before and after the period of shedding of intact viral particles.
Analysis of LT1-8 cesium chloride density gradient fractions by ELISA and dot blot hybridization provided further support that the isolated clones represent portions of the Norwalk viral genome (Fig. 3) . Peak Norwalk antigenic activity and peak clone N49-specific hybridization signal were both observed in fraction 8. The buoyant density of fraction 8, 1.37 g/ml, is in the range of that which has been reported for Norwalk (15) and Norwalk-like viruses (2) .
The viral protein structure of Norwalk virus (15) and Norwalk-like viruses, such as Snow Mountain agent (22) , most closely resembles caliciviruses that have a single structural protein of molecular mass 62 kD (23) . Furthermore, a one-way serologic relationship between caliciviruses and Norwalk virus has been demonstrated by RIA (24) . These observations have led to the hypothesis that Norwalk virus may be a plus-sense, single-stranded RNA virus with a 3'-end poly (A) tail, like caliciviruses. We demonstrate here that the Norwalk virus has a single-stranded RNA genome of positive polarity (Fig. 3) . These findings lend support to the speculation that Norwalk virus may be related to calciviruses (23) , but further characterization will be required to confirm this classification. An authentic poly (A) tail was not identified in these clones. The most likely explanation for the 11 to 12-bp stretches of (A) residues at the 3' end of clones N49/N5 1, N48, N28, and N40, is that the (A)-rich regions of the sequence (Fig. 1 A) 
